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Abstract 
 
In the present research paper thermal performance of an air-phase change material (PCM) 
unit has been experimentally studied. The influences of the air inlet temperatures and 
velocities have been investigated on the charging/discharging time of the PCM panels, 
heating/cooling load and effectiveness over the phase transition. These parameters play a 
vital on determining thermal performance of an air-PCM unit. Air inlet temperatures of 34 
°C, 36 °C and 38 °C and air inlet velocities of 0.6 m/s, 1.6 m/s and 2.5 m/s. have been 
studied. The increase of the air inlet velocity reduced the charging and discharging time, 
however not linearly. The time for the complete melting and solidification is substantially 
reduced when the velocity has been increased from 0.6 m/s to 1.6 m/s. The air inlet 
temperature has been proved to be most important factor affecting the discharging time. For 
lower air inlet velocity the cooling and heating loads achieve lower values but remain nearly 
constant over a longer period of time. The effectiveness reaches its highest values for the air 
inlet velocity of 0.6 m/s for the charging and discharging processes. It has been concluded 
that discharging time can be extended by reducing the air inlet velocity and making the 
technology more suitable for heating and cooling applications for the buildings. A simplified 
methodology is proposed for the analysis of the PCM charging and discharging process 
through the identification of the critical points as result of the heat transfer behaviour in the 
air- PCM unit.   
Keywords: Air-PCM Unit, Phase change materials, Heat Exchanger, Charging/discharging 
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1. Introduction 
 Worldwide buildings account for 40% of total primary energy consumption contributing 
towards 30% of total annual greenhouse gas emissions [1]. The reduction of the energy 
consumption in buildings has been one of the priorities of the recent EU directives. The 
Energy Performance of Buildings Directive (EPBD) in 2002 requires all Member States of 
the EU to introduce a general framework and to set building energy codes based on the global 
building approach [2, 3]. In their work authors [4, 5] reported that the majority of the total 
primary energy requirements in the building was used for heating, ventilation and air-
conditioning (HVAC).The necessity of improving the energy efficiency of the built 
environment results in the development of various techniques of better usage and 
conservation of energy for heating and cooling. Among various energy efficiency 
technologies and clean energy innovations free cooling in the building is getting increasing 
importance nowadays [6,7,8,9, 10].Phase change materials (PCMs) are characterized by a 
specific phase change (melting and solidifying) occurring at a temperature value or range due 
to latent heat [11]. Organic PCMs, such as paraffin, fatty acids and polyethylene glycol 
(PEG), are the most frequently used materials; they show good chemical stability, high latent 
heat and very limited supercooling [12]. Free cooling applications can be achieved by 
charging the PCM during night-time, i.e. solidification of the PCM in order to cool the inlet 
air by means of the discharging of the PCM i.e. melting of the PCM. Several important 
factors e.g. air temperature differential, air velocity/mass flow rate, ambient air inlet/outlet 
temperature and mass of the PCM are considered important in designing and studying an air-
phase change material (PCM) experimental rig. An extensive review on the air-PCM-TES 
application for free cooling in buildings is reported in Iten et al. [13]. In Zalba et al. [6] a free 
cooling system corresponding to an air-PCM heat exchanger installation was designed and 
constructed to test the performance of such systems. Butala and Stritih [7] studied 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
experimentally the energy saving in buildings with PCM cold storage. The air temperatures, 
heat fluxes and heat as a function of time are presented for different air velocities and inlet 
temperatures.  Dolado et al. [8] investigated the influence of the air inlet temperature and air 
flow to test the thermal cycling of a real-scale air-PCM heat exchanger at ambient 
temperatures. Other referable studies are detailed in Iten and Liu [9] and it was found that the 
air inlet temperature and velocity are identified as the major factors for such systems. The 
investigation on the air temperature difference is presented in Iten and Liu [14]. It has been 
found that the air inlet temperature plays a significant role on the discharging process, 
increasing the air inlet and outlet temperature difference and the heat transfer rate when the 
inlet was increased from 34 °C to 36 °C, however does not influence the solidification 
process, similar air inlet and outlet temperature difference and the heat transfer rate were 
obtained for all conditions. Moreover the further increase of the air inlet velocity reduced the 
air temperature difference for both processes. A detailed experimental study considering the 
major impact factors free cooling applications using air-PCM unit will be critically analysed, 
enabling researchers to select suitable performance and design parameters of such systems. 
The present study will aim the melting and solidification times of the PCM panels, the 
potential cooling/heating load and effectiveness for variable air inlet temperatures and 
velocities. For that purpose, several temperature measuring thermocouples were used to 
measure the temperatures along the PCM panel. Current research paper will analyse aforesaid 
factors with respect to charging/discharging times of the PCM panels and to the air 
temperature differences in order to understand how these variables can be adjusted to design 
and optimize a real scale case unit for the free cooling of buildings. To summarise, this paper 
will establish experimental findings on i) charging/discharging time of TES, ii) 
heating/cooling load in charging (discharging) process and iii) effectiveness over the phase 
change process. Moreover, this paper details a simplified methodology to monitor the PCM 
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temperature within the panels by identifying the critical points. This will save significant time 
as well as avoid inaccuracies that can result from assuming the average temperature of the 
panel for the analysis of the complete charging and discharging of the PCMs.  
2. Research design – methodology 
The design and construction of a small scale prototype of an air-PCM unit has been carried 
out to investigate the influence of the air inlet temperature and velocity on three main output 
parameters namely charging/discharging time of the PCM, cooling/heating load and 
effectiveness over the phase change as presented in Fig. 1.  
 
Fig. 1. Research methodology  
 
2.1 Analysis methodology  
To estimate the charging and discharging time, a total of 15 thermocouples have been 
fixed in each panel to understand the temperature variations along the panels. The analysis 
can be simplified however, by identifying the critical points. These critical points correspond 
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to the last points from the inlet where melting or solidification take place assuring that these 
points fully melt or solidify, the entire panel is assumed completely charged or discharged. In 
order to identify these critical points, Fig. 2 presents three scenarios (1, 2 and 3) of a single 
panel containing the PCM completely solidified and in contact with a heat source.  
 
 
Fig. 2. Melting process of single PCM panel in contact with heat source 
 
For all scenarios over the time that the PCM start to melt with associated liquid fraction; 
the increase of the liquid fraction is identified by the interfaces numbered from 1 to 4.   For 
scenario 1, the panel is heated from the top and bottom and over time the liquid fraction 
increases from interface 1 to 4. In this case, the melting fractions increase symmetrically. The 
last part that melted is at the centre of the panel and delimited by interface 4. For scenario 2, 
the panel is heated from the top and bottom and also from the right end. The melted fraction 
is increased symmetrically in the vertical direction. However, for the horizontal direction a 
higher rate of melting fraction is noted at the right end as it is closer to the heat source. Over 
time the interface moves from 1 to 4 and it is observed that the left end is the last part that 
melted, represented by interface 4. Scenario 3 represents the current experiment, similar to 
the previous case however the heat source is from the convection of hot heat transfer fluid 
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(HTF) surrounding the panel. Hence, additionally to the previous case, the left and right ends 
are surrounded by a high convective heat coefficient of the surrounded HTF benefiting the 
heat transfer at these last two ends. Therefore the melting of the last part is not expected to 
occur at the left end, but between the centre and the left end. 
3. Design of the air-PCM heat transfer unit 
Several PCMs are discussed on the literature [9, 15, 16]. As stated in Iten and Shuli’s 
research [9], the selection of the PCM is dependent on many factors including the melting 
point, cost, energy density for thermal energy storage, availability, suitability for the 
application. For the present air-PCM unit, paraffin was considered due to the following 
reasons: available in several commercial types; low cost; compatibility with metals; excellent 
thermal stability and match with the thermal energy storage density. Several paraffins are 
available on the market, however suitable melting temperature should be selected for the 
appropriate application.  For the cooling of buildings, RSECE [17] and ASHRAE [18] 
suggest indoor temperatures within 23-26 °C in order to achieve the thermal comfort of 
occupants. A commercial paraffin RT25 [19] with phase change temperature from 23 °C to 
25 °C has been determined to fulfil the comfort temperatures. The thermophysical properties 
of the selected paraffin were provided by the manufacturer and listed in Table 1.  
Table 1  
RT25 properties [19] 
PCM 
Melting 
Temperature 
(ºC) 
Density 
(kg/m3) 
Specific heat 
(kJ/kg ºC) 
Thermal 
conductivity 
(W/m ºC) 
Latent heat 
(kJ/kg) 
Solid Liquid Solid Liquid Solid Liquid 
RT25 23-25 880 760 2000 0.2 148000 
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The commercial paraffin RT25 is a mixture of compounds and therefore the melting 
occurs across a range of temperature: 23-25 °C. For the present study the RT25 has been 
assumed to be completely discharged at 25 °C and completely charged at 23 °C. Air is 
considered as the working fluid for ventilation application. There are three typical options for 
the selection of the shape of the encapsulation:  plates, cylinders and spheres [8].  Plates are 
selected due to the advantages such as: uniformity of the PCM thickness and therefore, of the 
phase change process; melting and freezing process on a plate surface is symmetric in 
relation to all sides of the plates; heat transfer in the PCM can be controlled with selected 
thickness of the encapsulation; high ration area/volume storage; less pressure drop in the air; 
simplicity of the manufacturing process and versatility of handling (transportation, 
installation and maintenance); applicability to various applications and easy to control the 
PCM thickness which is a crucial design factor influencing the melting and solidification 
time. Rectangular containers were also selected in similar applications due to their much 
shorter melting time (half) than the cylindrical container of the same volume and heat transfer 
[20]. In Iten and Liu [9], the corrosion of the PCMs and compatibility with the container was 
discussed; plastic materials were not recommended to be in contact with organic compounds 
i.e. paraffins. In that sense, metallic containers were chosen to assure the compatibly with the 
paraffins and also to enhance the heat transfer between the air and the PCM panels [21]. 
Several experimental tests on rectangular air-PCM heat exchangers have been reported in Iten 
and Shuli [9]. For the present study, the chosen PCM thickness was 0.02 m (Hpanel) as it was 
presented as one of the most suitable dimensions for air-PCM units [22, 23, 24, 25, 26, 27] 
(Fig. 3).  Halawa and Saman [27] stated that if the mass of the PCM and the thickness of the 
panel were constant, the other two dimensions (width and length) do not play an important 
role in the heat transfer. Thus, the chosen length and width of the panels were fixed on 0.5 m 
and 0.25 m respectively meeting the requirements of a small prototype scale (Fig. 3). The 
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dimensions of the rectangular air channels corresponded to Lchannel x Wchannel x Hchannel in 
which L is the same length as the PCM panels (Lpanel), W is the same as the width of the PCM 
panels (Wpanel) and Hchannel is the air gap height. Different air gap heights have been 
investigated for rectangular air-PCM units: 0.05 m [27, 28], 0.01 m [29], 0.08 m and 0.016 m 
[30, 31], 0.02 m [32] and 0.035 m [33]. Too small dimension will make the construction 
delicate, and the number of panels will have to be increased leading to a higher pressure drop 
across the unit. 
Thus, for the present study an air gap of 0.02 m for each PCM panel has been chosen (Fig. 
3). The experimental setup includes an arrangement of three PCM panels and to fulfil the 
0.02 m air gap for the top and bottom of each panel, the middle air gaps height correspond to 
0.04 m. Specification of the TES systems dimensions are listed in Table 2. The air-PCM heat 
transfer unit was inserted in rectangular air duct built in wood with thickness of 0.01m. 
Table 2  
Specification of the air-PCM TES system 
Internal height of the PCM panels (Hpanel) 0.02 m 
PCM encapsulation thickness (steel plate) 0.003 m 
Air channels height (Hchannel) 
0.02 m 
0.04 m 
Length of the PCM panels (Lpanel) 0.5 m 
Width of the PCM panels (Wpanel) 0.25 m 
Air duct thickness (wood layers) 0.01 m 
Total internal height of the air – PCM TES unit (Htotal) 0.198 m 
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             (a) 
 
 
 
 
 
                            (b) 
 
Fig. 3. PCM panel and air gap dimensions (a) single PCM panel dimensions (b) PCM panels 
and air channel heights arrangement 
 
Each panel with an internal volume of 0.0025 m3 is filled to the top with a liquid PCM in 
order to prevent any overflow due to volume expansion corresponding to a total mass of 1.8 
kg per panel. Fig. 4. displays a photographic view of the panels filled with PCM and Table 3 
the specifications of the respective panels.   
 
 
 
Table 3  
PCM panels specifications 
Panel internal volume 0.0025 m3 
PCM mass 1.8 kg 
Panel mass 1.8 kg 
Total mass per panel 3.6 kg 
  
 
Fig. 4. Mass and volume of PCM panels 
 
 
From the literature review it was possible to characterize the selected PCM as well as to 
select the most appropriate dimensions for the air-PCM heat transfer unit.  
 
4. Experimental setup 
 
The experimental setup consists of an air duct made from wood due to its low thermal 
conductivity, aiming to reduce the heat losses to the surroundings. The main air duct presents 
a length (L), width (W) and height (H) of 2.2 m, 0.25 m and 0.218 m respectively. The air 
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duct includes an air-PCM heat transfer unit coupled to a heating/cooling unit, exhaust fan and 
to a range of measuring equipment as presented in Fig. 5. A photographic view of the 
experimental setup is also presented in Fig. 5. 
 
Fig.5. Experimental Setup 
 
 
The air is pulled through a centrifugal exhaust fan with an electrical power and volumetric 
flow rate of 0.11 kW and 147 m3/h, respectively. Varying the air velocity plays a very 
important role in the heat transfer between the air and the PCM panels to be analysed in this 
experiment.  A variable speed device is coupled to the exhaust fan in order to vary the air 
inlet velocity. The air velocity at the main air duct can be varied from 0.6 m/s until 2.5 m/s as 
used for the experimental proposes and further described in section 4. An air- PCM heat 
transfer unit is composed by three panels "filled" with RT25 PCM into rectangular plate and 
each panel is surrounded on the top and bottom by air channels. As there is no limitation in 
terms of space or a particular application, the plates are arranged horizontally to reduce the 
pressure drop and the electrical consumption of the fan. The air- PCM heat transfer unit was 
coupled downstream to a heating/cooling unit on one side and an exhaust fan on another side. 
Contrary to Butala and Stritih [7], Zivkovic and Fujii [20] and Waqas and Kumar [34], three 
parallel plates have been arranged instead of a single panel in order to replicate the melting 
and solidification phenomena for the same conditions and to achieve converged results when 
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comparing the three panels. In other words, unexpected anomalies can be easily identified 
when comparing the results obtained by the three panels. 
The construction of the heating unit involve four electrical heating coils (2.5 kW, 2 kW, 2 
kW, 2 kW) enclosed into a metal tube structure and connected to a wood box. The safety 
issues are guaranteed as the electric coils did not increase the temperature beyond 80 °C a 
lower temperature than the conventional wood burning temperature of 250 °C. Each electrical 
coil thermostat, except for the 2.5 kW coil with two thermostats, are connected to an adjust 
control, allowing six different setting temperatures.  The cooling unit corresponds to a 
portable air conditioner (Electro-Aire) with a cooling capacity of 2.6 kW.  The 
instrumentation used in this study includes an anemometer for the air velocity measurement 
and thermocouples for the PCM temperature measurements and a data acquisition system to 
record the temperatures. The air velocity was measured at the inlet of the air duct at 25 points 
(Fig. 6) as suggested in ASHRAE [35] and TSI [36] using an air velocity meter (TSI, model 
TA440A). The chosen thermocouples were K-type provided by RS Components.  
 
 
Anemometer (TSI) 
 
 
Air velocity measuring points for rectangular duct traverse 
 
Fig. 6 Air velocity measurement 
 
The temperatures are measured along each PCM panel (15 thermocouples for each PCM 
panel) as presented in Fig. 7. All of them were located at the centre of the panel as the panel 
presents a minimum height of 0.02 m and no significant variation was expected along the 
height. The thermocouples were connected to a digital temperature recorder model 3470A by 
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Agilent Technologies, UK. The provided software has been used to record the temperature 
data in a database format with a personal computer.  Time steps of 10 seconds were used for 
temperature monitoring.  
 
 
 
 
 
 
 
 
 
 
Fig. 7. Schematic view of the thermocouples distribution 
 
 
 
Table 4  
Instrumentation for experimental study and their technical information 
Variable Instrument Model/Brand Measurement 
range Sensitivity Quantity 
 
Air 
velocity 
Air flow meter TA440A/ TSI 0 – 30 m/s ± 0.001 
m/s 1 
PCM/air 
temperatures 
Thermocouples 
 
K-type / RS 
Components 
-50 °C – 1100 
°C ±0.1 ºC 55 
Data logger 
3470A/ 
Agilent 
Technologies 
-100 °C to 1200 
°C ±0.1 ºC 1 
 
The PCM and air temperatures and air velocities are measured with appropriate 
instruments clarified in Table 4. The uncertainty of the experiment is calculated by Eq. (1) 
[37].  
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
      U = ±∆		 

 + ∆		 

 + ∆ 
 × 100%                                                        (1) 
The uncertainty is first estimated separately based on the sensitivity values specified in 
Table 4. Because the sensitivity of thermocouples and the data logger are set at ± 0.1 °C, the 
reading errors for PCM and air temperature measurements are assumed as ±0.2 °C (∆TTC). The 
sensitivity of the anemometer used in measuring the velocity of the air is ±0.001 m/s and 
reading errors are ±0.001 m/s (∆V) respectively. The maximum uncertainties reached for each 
parameter are summarized in Table 5. The total uncertainty is obtained by applying Eq. (1) for 
the uncertainties listed in Table 5.  Thus, the experimental uncertainty is estimated at 2.1 % and 
it guarantees the credibility of the experimental data. 
Table 5  
Experimental uncertainty 
Parameter Equipment Uncertainty 
PCM temperature K-type thermocouples (∆TTC) 1.3% Data logger (∆TDT) 
Air temperature 
 
K-type thermocouples (∆TTC) 
 
1.6 % 
Data logger (∆TDT) 
Air velocity Anemometer  (∆V) 0.16 % 
 
 
Section 4 allowed identifying all the components and measuring devices to carry on the 
experimental testing. Moreover, the experimental uncertainty was specified and determined 
based on the selected equipment.  
5. Experimental procedure 
The experimental procedure has involved the charging and discharging of the panels for 
different air inlet velocity and temperature conditions (Table 6). The charging and 
discharging processes have corresponded to the solidification and melting of the PCM panels 
respectively. In the discharging process, hot air flowed at a constant flow rate through the air-
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PCM heat transfer unit in order to melt the PCM panels. The process has been continued until 
the PCM reached 30 °C, beyond the melting temperature of 25 °C. In the charging process, 
cold air at a lower temperature than the PCM solidification temperature has been supplied at 
a constant flow rate until the whole PCM temperature has been below 23 °C.  Air inlet 
temperatures from 30 to 38 °C and 12 to 18°C have been selected for the study of the 
discharging and charging processes respectively. These values are based on typical daily 
temperatures observed in the Mediterranean countries. Furthermore, air inlet velocities of 0.6 
to 2.5 m/s have been chosen to fit with a domestic exhaust fan and accurately varied with a 
variable speed device.  
Table 6  
Experimental procedures 
Experiment Air inlet temperature (°C) 
Air inlet 
velocity (m/s) 
Air mass flow 
rate (kg/s) 
Variable inlet 
velocity 
Discharging 
process 38  
0.6 0.036 
1.6 0.097 
2.5 0.152 
Charging process 12  
0.6 0.036 
1.6 0.097 
2.5 0.152 
Variable air 
inlet 
temperature 
Discharging 
process 
30  
1.6 0.097 
34  
38  
Charging process 
12  
16 
18  
 
The initial conditions and the air inlet conditions have been setup according to the real 
climatic conditions observed in Mediterranean countries. This will allow to approximate the 
experimental results to real conditions and achieve a more realistic outcome on the thermal 
performance of an air- PCM unit for free cooling of buildings. 
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6. Results and discussion 
For present research paper results and discussions are divided into two main parts; validation 
of analysis methodology followed up by experimental results.   
 
6.1 Validation of Research methodology  
 
 The analogy presented in Fig. 2 is confirmed experimentally and shown in Fig. 8. The 
complete charging and discharging time for each panel is assumed with respect to 
thermocouples A5, B5 and C5. Also, by comparing these three thermocouples it is observed 
that the complete melting time of the bottom panel – C5 takes slightly longer when compared 
with the top panel- A5 and the middle panel - B5 (Fig. 2).  The more reasonable explanation 
for this slight discrepancy is related to a minimal thermal buoyancy effect that has occurred 
in the experimental apparatus benefiting the upper panels.  
 
 
 
Fig.8. Temperature profile across the PCM Panel 
 
This paper presents a simplified approach to investigate the complete charging and 
discharging of the PCM temperatures.  It reduces the analysis time, as the analysis is carried 
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on a single PCM, and it reduces the inaccuracies that may occur if for instance the average 
temperature of all thermocouples is assumed. 
6.2 Experimental results  
 
The influence of the air inlet velocity on the discharging time has been analysed for three 
velocity variations of 0.6 m/s, 1.6 m/s and 2.5 m/s for the inlet temperature of 38 °C (Table 
6). Following the analogy presented in Fig. 2 and Fig. 8, the complete charging and 
discharging time for each panel has been assumed with respect to thermocouple C5. 
6.2.1 Influence of the air inlet velocity 
(i) Charging/discharging time 
For the phase change process the air temperature has been fixed at 38 °C (discharging 
process) and 12 °C (charging process) and the influence of the air velocity is analysed 
through varying the velocity from 0.6 m/s, 1.6 m/s and 2.5 m/s. The initial temperature of the 
whole system has been at 16 °C (discharging process) and 30 °C (charging process) and the 
average ambient temperature has been at 19 °C. The transient PCM temperatures for the 
different conditions are presented in Fig. 9 and Fig. 10. The black line represents the melting 
temperature, i.e. temperature at which the phase change is completed and the PCM is entirely 
liquid (25 °C) and solid (23 °C). The period of time for the PCM to increase its initial 
temperature until it reaches the melting temperature represented by t1, t2 and t3 for 0.6 m/s, 
1.6 m/s and 2.5 m/s respectively.  
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Fig.9. Influence of air inlet velocity on the PCM discharging process 
 
From Fig. 9 it is observed that firstly the PCM temperature increases very rapidly (sensible 
heating) followed by a slow temperature increase from 23 °C to 25 °C (phase change). 
Afterwards the PCM temperature rises very sharply meeting the air inlet temperature (38 °C) 
in a very short period of time (sensible heating). Overall, it is possible to visualise that 
increasing the air inlet velocity decreases the time for the PCM panels to be completely 
discharged. However this decrease of the discharging time is not proportional. For instance 
increasing the air inlet velocity from 0.6 m/s (t1) to 1.6 m/s (t2) significantly reduces the 
melting time approximately 1.6 h, however, a further increasing to 2.5 m/s reduces the time 
only by 0.8h. 
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Fig.10. Influence of air inlet velocity on the PCM charging process 
 
 
For the velocity of 0.6 m/s, 1.6 m/s and 2.5 m/s, the complete phase change takes 4h (t1), 
2.8h (t2) and 2.3h (t3) respectively. Through increasing the air inlet velocity from 0.6 m/s to 
1.6 m/s the solidification time is reduced by over 1h. Increasing the velocity further to 2.5 
m/s decreases the time in nearly half an hour. The charging time reaches approximately half 
magnitude for the second increment (1.6 m/s to 2.5 m/s) compared to the first increment (0.6 
m/s to 1.6 m/s) of the air velocity. Further increase in the air inlet velocity will not reduce 
significantly the charging time; instead a lower temperature may be required for that purpose. 
Waqas and Kumar [34] also stated that if the air inlet temperature is not below the subcooling 
temperature of the PCM the charging process would not be effective.   
Table 7 summarizes the influence of the air inlet velocity on the charging and discharging 
time identified as t1, t2 and t3 in Fig. 9 (for the discharging process) and Fig. 10 (for the 
charging process) with an constant air inlet temperature of 38 °C and 12 °C for the 
discharging and charging process, respectively.   
Table 7  
Summary of the air inlet velocity influence on the charging and discharging process 
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Discharging process (T= 38°C) 4.6h 3h 2.2h 
Charging process (T= 12°C) 4h 2.8h 2.3h 
 
From Table 7, comparing the overall time for the charging and discharging processes, it 
can be seen that for the selected air inlet temperatures of any air inlet velocities the 
discharging process takes slightly longer than the solidification process ≈ 0.5h. Overall, it is 
observed that the charging and discharging processes are strongly influenced by the air inlet 
velocity similar to findings from other researchers [6, 34]. For both the charging and 
discharging process, it is concluded that increasing the air velocity from 0.6 m/s to 1.6 m/s 
significantly reduces the phase change time, hence 1.6 m/s is selected as the air inlet velocity 
to be used for the following analysis: air inlet temperature influence on the charging and 
discharging time. 
(ii) Cooling/heating load and effectiveness over the phase change 
During the discharging process of the PCM panels, air is cooled down to corresponding to 
a certain cooling load (Qc). The cooling load during the discharging process is calculated 
using the measured values of the air temperature at the inlet and outlet of the air-PCM heat 
transfer unit 
         =   ,("# − "%&)	)*                                                                                                         
(2) 
Where Tin and Tout correspond to the air inlet and outlet temperatures respectively for each 
time step, t. While the PCM panels are charged (solidification), the air is heated up and the 
heating load during the process is determined as follows: 
          + =   ,("%& − "#)	)*                                                                                                         
(3) 
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Where Tin and Tout correspond to the air inlet and outlet temperatures respectively for each 
time step, t. The effectiveness over the phase change process can be determined by the 
average inlet and outlet temperature during the process [33]. This parameter gives an 
indication of the performance of the effectiveness. 
      , = -./0-123-./0-4,567                                                                                                                                                 
(4) 
The Eq. (4) formulation is adapted from the theoretical (general) heat exchanger 
temperature transfer efficiency with the phase change material taken as the ideal outflow 
temperature [38]. Fig. 11 and Fig. 12 display the cooling load and effectiveness of the 
discharging and charging processes respectively for different air inlet velocities. 
  
 
(a)                                                                      (b) 
Fig.11. Influence of the air inlet velocity on the (a) cooling load and (b) effectiveness for the 
discharging process 
 
Generally for all air inlet velocities during the first hours, a high cooling load has been 
observed related to the air sensible cooling (i.e. PCM sensible heating) followed by a nearly 
constant load during the phase change followed again by air sensible cooling (i.e. PCM 
sensible heating) that drastically reduces the cooling load.  Fig. 11 shows that at a higher air 
inlet velocity, the cooling load achieves higher values but reaches the minimum value in a 
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shorter time period, showing and confirming that the discharging process of the PCM has 
been completed earlier at a higher air inlet velocity. On the other hand for lower air inlet 
velocities, the cooling load (Qc) reaches lower values. However, it stays above the minimum 
value for a longer period of time. An average cooling load corresponds to 70 W, 110 W and 
130 W for air velocities of 0.6m/s, 1.6 m/s and 2.5m/s respectively for designed test rig. 
Overall the effectiveness of the discharging process range between 0.18 and 0.08. Higher 
effectiveness has been achieved for lower air inlet velocity due to the longer contact time of 
the PCM with the air. 
For, a lower velocity, the panels are in contact with the air source for longer enhancing the 
transfer process and hence the air temperature difference directly proportional to the 
effectiveness. 
 
 
 
(a)                                                                       (b) 
Fig.12. Influence of the air inlet velocity on the (a) heating load and (b) the effectiveness for 
the charging process (Qh) 
 
As for the cooling load, for the heating load it is observed that the for higher air inlet 
velocities the heating load reached the minimum value in a shorter period of time, translating 
to a quicker charging time of the panels. Lower air inlet velocity translates lower heating 
load. However, it remains nearly constant over 8h. The average heating load corresponds to 
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30 W, 40 W and 50 W to air velocity of 0.6m/s, 1.6 m/s and 2.5m/s respectively. For both of 
the processes load was increased for an increasing air inlet velocity as also stated in Mosaffa 
et al. [39].The charging process has been represented by an effectiveness ranging between 0.1 
and 0.05.  As for the discharging process, the air inlet velocity is decreased the effectiveness 
over the phase change has been increased. Overall, the effectiveness is higher for discharging 
than for the charging process. This is due to the higher air temperature difference achieved. 
For the selected temperatures, the discharging process presents higher temperature difference 
translating to a higher effectiveness.  
6.2.2 Influence of the air inlet temperature 
(i) Charging and discharging time 
For the phase change process the air temperature has been fixed at 1.6 m/s and the 
influence of the air temperature is analysed through varying the temperatures from 30 °C, 34 
°C to 38 °C for the discharging process and from 12 °C, 16  °C to 18 °C for the charging 
process. The initial temperature of the whole system has been set at 16 °C (discharging 
process) and 30 °C (charging process) and the average ambient temperature is at 19 °C. The 
transient PCM temperatures for the different conditions are presented in Fig. 13 and Fig. 14. 
 
15
20
25
30
35
0 2 4 6 8
Te
m
pe
ra
tu
re
 
(°C
)
Time (h)
30 °C
34 °C
38 °C
Tm = 25 °C
t3
t2
t
1
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
Fig.13. Influence of air inlet temperature on the PCM discharging process 
 
Fig. 13 shows that for the minimum inlet temperature (30 °C) the melting process took 
around 6.9h. This time is reduced by three hours for the inlet temperature of 34 °C and it is 
reduced by only 0.8h for the maximum temperature of 38 °C. The results suggest that 
increasing the air inlet temperature from 30 °C to 34°C significantly affects the discharging 
time. Increasing further to 38 °C reduces the time in 0.8h. In all cases, after the discharging is 
completed, the PCM temperature increases very sharply to meet the air inlet temperature 
(heat source input) in a very short period of time. 
 
Fig.14. Influence of air inlet temperature on the PCM charging process 
 
It can be seen in Fig. 14, the charging time is short for lower air inlet temperatures and his 
reduction is proportional. Reducing the air inlet temperature from 18 °C to 14 °C decreases 
the charging time by an hour and the further decreasing of the temperature to 12 °C decreases 
the process by another hour. Table 8 summarizes the charging and discharging times 
identified as t1, t2 and t3 as in Fig. 13 (for the discharging process) and Fig. 14 (for the 
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charging process) for a constant air inlet velocity of 0.6 m/s. Confirming the similar findings 
from Zalba et al. [6] that the air inlet temperature plays a major role in the discharging time.  
 
 
Table 8  
Summary of the air inlet temperature influence on discharging and charging time 
 
30 °C 
(t1) 
34 °C 
(t2) 
38 °C 
(t3) 
Discharging process (V= 1.6 m/s) 6.9h 3.8h 3h 
 
12 °C 
(t1) 
16 °C 
(t2) 
18 °C 
(t3) 
Charging process (V= 1.6 m/s) 2.8h 3.8h 4.8h 
 
 
(ii) Cooling/heating load and effectiveness over the phase change 
The cooling and heating loads of the PCM during the charging and discharging processes 
have been calculated using Eq. (2) and Eq. (3) and displayed at Fig. 15 and Fig.16. 
                                        (a)                                                                           (b) 
Fig.15. Influence of the air inlet temperature on the (a) cooling load and (b) effectiveness for 
discharging process 
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The cooling load remains at approximately 80 W for an air inlet temperature of 38 °C, 
dropping to a minimum value after 3h. This drop is associated with the end of the phase 
change. For 34 °C, the cooling load keeps at approximately 60 W, and then reduces after 
3.8h. At last for air inlet of 30 °C the cooling load maintains at 50 W till 6.8h. Overall, for a 
higher air inlet temperature, the heat flux reaches the minimum value in a short time period, 
showing that the discharging process of the PCM has been completed earlier at higher air 
inlet temperatures. On the other hand, for lower air inlet temperatures, the heat transfer rate 
obtains lower values. However, it stays above the minimum value of 50 W for a longer period 
of time.  The average effectiveness over the phase change has been calculated for the 
discharging and charging process through Eq. (4) and displayed in Fig. 15 and Fig. 16.  From 
Fig. 15, the average effectiveness ranged between 0.17 and 0.09 for the discharging process. 
The highest value is registered for the air inlet temperature of 30 °C followed by inlet of 34°C 
and 38 °C. This is due to the temperature difference between the air inlet temperature and the 
discharging temperature represented in the nominator of Eq. (4).  
  
                                      (a)                                                                           (b) 
Fig.16. Influence of the air inlet temperature on the (a) heating load and (b) effectiveness for 
charging process 
 
0
20
40
60
80
100
120
140
160
0 2 4 6 8
Q h
(W
)
Time (h)
12 °C
16 °C
18 °C
0
0.1
0.2
0.3
0.4
0 2 4 6
ε
ch
a
rg
in
g 
Time (h)
12 °C
16 °C
18 °C
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
Similar heating loads have been observed for 16 °C and 18 °C (30 W) due to the similar 
air temperature difference. This figure rises slightly for an air inlet temperature of 12 °C to 50 
W, but it diminishes drastically after 2.5h due to the end of the phase change and becomes 
approximate to the other two curves. The effectiveness of the lower air inlet temperature is 
highest during the discharging process. For higher inlet temperatures, greater effectiveness 
has been achieved for the charging process. For the charging process (Fig. 16) the average 
effectiveness register a higher value for an air inlet temperature of 18 °C and is reduced for 
the lower air inlet temperatures. Again, this is because of the temperature difference between 
the air inlet and the melting temperature of the PCM. 
The influence of the air inlet temperature and velocity on the PCM charging/discharging 
time, heating/cooling load and effectiveness is presented and discussed and summarised in 
the following section.  
 
7. Conclusions 
Both the charging and discharging processes are influenced by the air inlet velocity. It has 
been observed that for the selected temperatures, the increase of the air inlet velocity would 
reduce the charging and discharging time. However, this reduction is more significant when 
the velocity has increased from 0.6 m/s to 1.6 m/s. The air inlet temperature has been proved 
to be the most important parameter affecting the discharging time. The discharging time 
would be reduced when the air inlet temperature is increased from 30 °C to 34 °C. However, 
the charging time presents a linear reduction with the decrease of the air inlet temperature. 
The cooling load associated with the discharging of the PCM panels is in the average of 70 
W, 110 W and 130 W for an air inlet temperature of 38 °C and air inlet velocities of 0.6 m/s, 
1.6 m/s and 2.5 m/s respectively. The heating load related to the charging of the PCM panels 
achieves 30 W, 40 W and 50 W for the velocities of 0.6 m/s, 1.6 m/s and 2.5 m/s 
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respectively. The cooling load (i.e. the discharging process) decreases for lower air inlet 
temperatures corresponding to 50 W and 60 W and 80 for 30 °C, 34 °C and 38 °C 
respectively. The heating load (i.e. charging process) keeps the same for 16 °C (30 W) and 18 
°C (30 W) increasing slightly for 12 °C (50 W). For the higher velocity the cooling and 
heating load reaches the higher values but drops sharply as the phase change of the PCM has 
been completely finished. Although for the lower air inlet velocity both the heating and 
cooling loads achieves lower values, they remain nearly constant over a longer period of time 
due to the longer phase change time. The effectiveness reaches its highest values for a 
velocity of 0.6 m/s for both the charging and discharging processes benefiting from a longer 
contact between the air and the PCM panels.   
Free cooling applications that rely on the daytime and night-time temperature differences 
face two challenges, the charging of the PCM over a short period of time (overnight) and the 
discharging of the PCM during the daytime. These results suggest that the further increase of 
the air inlet velocity will not reduce the charging time. Instead, a lower temperature will be 
required for that purpose. Therefore, to accomplish the required charging time, the PCM 
thermophysical properties (namely the melting temperatures) need to be considered taking 
into account the night-time temperature profile. For the discharging time, it could be 
extended over a certain period of time by reducing the air inlet velocity even for higher air 
inlet temperature. Hence, it is crucial to carefully balance the air inlet velocity to achieve the 
desirable charging/discharging time and also to achieve the intended air temperature 
difference. 
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Highlights  
• Present research paper investigates thermal performance of an air-phase change 
material (PCM) unit. 
• Air inlet temperatures and velocities play a vital on determining thermal 
performance of an air-PCM unit. 
• The increase of the air inlet velocity reduced the charging and discharging time, 
however not linearly. 
• The time for the complete melting and solidification is substantially reduced when 
the velocity has been increased from 0.6 m/s to 1.6 m/s. 
